We report on the crystal and magnetic structures, magnetic, and transport properties of SrMnSb2 single crystals grown by the self-flux method. Magnetic susceptibility measurements reveal an antiferromagnetic (AFM) transition at TN = 295(3) K. Above TN, the susceptibility slightly increases and forms a broad peak at T ∼ 420 K, which is a typical feature of two-dimensional magnetic systems. Neutron diffraction measurements on single crystals confirm the previously reported C-type AFM structure below TN. Both de Haas-van Alphen (dHvA) and Shubnikov-de Haas (SdH) effects are observed in SrMnSb2 single crystals. Analysis of the oscillatory component by a Fourier transform shows that the prominent frequencies obtained by the two different techniques are practically the same within error regardless of sample size or saturated magnetic moment. Transmission electron microscopy (TEM) reveals the existence of stacking faults in the crystals, which result from a horizontal shift of Sb atomic layers suggesting possible ordering of Sb vacancies in the crystals. Increase of temperature in susceptibility measurements leads to the formation of a strong peak at T ∼ 570 K that upon cooling under magnetic field the susceptibility shows a ferromagnetic transition at TC ∼ 580 K. Neutron powder diffraction on crushed single-crystals does not support an FM phase above TN. Furthermore, X-ray magnetic circular dichroism (XMCD) measurements of a single crystal at the L2,3 edge of Mn shows a signal due to induced canting of AFM moments by the applied magnetic field. All evidence strongly suggests that a chemical transformation at the surface of single crystals occurs above 500 K concurrently producing a minute amount of ferromagnetic impurity phase.
I. INTRODUCTION
The discovery of two dimensional (2D) graphene [1] has advanced the interest in the search for other 2D or three dimensional (3D) materials analogs with linearly dispersing bands that cross at the Fermi energy [2] . In these materials (now referred to as Dirac materials) [2] , low-energy fermionic excitations behave as massless Dirac quasiparticles. In the case of broken time-reversal or space-inversion symmetry, Dirac materials may further evolve into Weyl semimetals (WSMs) [3, 4] . In WSMs, the crossing points of the nondegenerate valence and conduction bands are referred to as Weyl nodes which appear in pairs in the Brillouin zone with opposite chirality, left-handed or right-handed [3] . The Weyl node pairs are separated in momentum space and appear to be connected by a Fermi arc when projected onto the surface of the material [3, 4] . Experimentally, the Weyl nodes and Fermi arc have been observed in the broken-inversion-symmetry TaAs [5] [6] [7] [8] and NbAs [9] by angle-resolved photoemission spectroscopy measurements (ARPES).
While there are several examples of WSMs with broken inversion symmetry, there are fewer confirmed materials with broken time-reversal symmetry. In this respect, the observation of highly anisotropic Dirac fermions in a Bi square net in SrMnBi 2 [10] , AMnBi 2 and AMnSb 2 (A = Ca, Sr, Ba, Yb, Eu) materials with magnetic moments on the Mn or Eu sites (Yb 2+ are non-magnetic ions) have attracted much attention [11] [12] [13] [14] [15] . ARPES measurements have provided direct evidence for the existence of strongly anisotropic Dirac cones in SrMnBi 2 and CaMnBi 2 [16] . And first-principles calculations of AMnSb 2 (A = Sr, Ba; replacing Bi with Sb) have indicated Dirac fermionic behavior could be realized in BaMnSb 2 [17] .
Subsequent transport and magnetization measurements and relativistic first-principles calculations have suggested that BaMnSb 2 is a 3D WSM by virtue of weak ferromagnetism due to canted Mn moments in the antiferromagnetic (AFM) structure [18] . The reported canting leads to a ferromagnetic (FM) component which breaks the time-reversal symmetry in the crystal and establishes WSM behavior. However, neutron scattering measurements found that the magnetic ground-state of stoichiometric BaMnSb 2 has G-type AFM order with no clear evidence to support the existence of any FM canting [19] . In fact, symmetry analysis in Ref. [19] shows that FM canting of the G-type order is not allowed in host tetragonal structures.
The orthorhombic distortion in SrMnSb 2 can host a FM canting of the AFM structure based on symmetry considerations. Its crystal structure consists of MnSb layers stacked along a axis, as shown in Fig. 1(c) . Interestingly, FM behavior was reported in Mn-and Sr-deficient Sr 1−y Mn 1−z Sb 2 (y, z < 0.1) single crystals [20] . Previous neutron scattering measurements also indicated that this material exhibits an unusual high-temperature FM ordered phase for 304 < T < 565 K which evolves into canted AFM order with a small inplane FM component for T < 304 K [20] . In addition, it was reported that variations from stoichiometry in Mn and/or Sr content have a strong effect on the magnetic properties of Sr 1−y Mn 1−z Sb 2 . In particular, it is claimed that samples with y ∼ 0.08 and z ∼ 0.02 display a larger saturated moment, while weaker FM behavior occurs in samples with enhanced Mn deficiency y ∼ 0.01 − 0.04, z ∼ 0.04 − 0.1.
It should be noted that, recent ARPES, transport measurements, and density functional theory (DFT) and tight binding calculations show that the electronic bands are gapped above the Fermi energy for SrMnSb 2 , suggesting trivial topology [21] . The extracted Berry phase is zero, indicating the non-topological character of the transport in SrMnSb 2 [21] , whereas the non-trivial π Berry phase was observed in Type A crystals in Ref. [20] . This makes the thorough investigation of SrMnSb 2 of paramount importance for the advancement of the science of topological semimetals.
Here, we report on the growth of SrMnSb 2 single crystals and examine their magnetic, transport, and structural stability using various experimental techniques. In particular, we focus on the properties of single-crystals with little or no net ferromagnetic response in order to study the intrinsic properties of the purely AFM state. Neutron diffraction and magnetic susceptibility measurements indicate quasi-2D AFM with strong 2D correlations persisting up to 500 K. TEM measurements indicate the presence of stacking faults, as might be expected for a layered system. However, no other significant defect structures or inclusions are observed. X-ray magnetic circular dichroism (XMCD) measurements find no intrinsic FM signal. Quantum oscillations are consistent with high mobility 2D electron transport reported for SrMnSb 2 . By comparison to samples with a significant FM component, we find that all of these experimental signatures are relatively independent of the presence of ferromagnetism. Interestingly, we demonstrate that an irreversible FM component develops above 560 K, presumably due to a chemical transformation. Thus, it is likely that the origin of FM in our samples is extrinsic in origin, although we could not identify its source.
II. EXPERIMENTAL DETAILS
Plate-like SrMnSb 2 single crystals were grown by a selfflux method from different starting compositions and soaking temperatures. One set of crystals was grown from a starting composition of Sr:Mn:Sb=1:1:4, referred to as Batch A. Strontium dendritic pieces, manganese and antimony powders were weighed and loaded in an alumina crucible in a glovebox under argon atmosphere. The alumina crucible was sealed in a quartz tube and installed in a vertical tube furnace. The assembly was heated up to a soaking temperature of 1073 K. The quartz ampoule was cooled down to 773 K at a 3 K/h cooling rate. Single crystals in Batch B were grown from a starting composition of Sr:Mn:Sb=1:1:2 and loaded in a boron nitride (BN) crucible. The assembly was heated up to 1323 K for a dwell time of 6 hours and slowly cooled down to 773 K at the same rate of 3 K/h. The furnace was then shut down and the temperature dropped below 373 K in 4 hours.
Images of large plate-like single crystals cleaved from Batch A are shown in Fig. 1(a) . It should be pointed out that Sb has a melting point of 904 K, and there is an eutectic point at 843 K for the composition of 81 at.% Sb and 19 at.% Mn in Mn-Sb binary phase diagram [22] . By choosing the starting Sr:Mn:Sb=1:1:4 molar ratio, one may expect a high yield of large single crystals grown over a relatively broad temperature range. Indeed, the starting Sr:Mn:Sb=1:1:4 molar ratio yields much larger single crystals than those grown from the starting Sr:Mn:Sb=1:1:2 molar ratio.
To determine crystal quality, X-ray diffraction (XRD) measurements were performed on the single crystals using a Bruker D8 Advance Powder Diffractometer using Cu Kα radiation. Figure 1(b) shows (h,0,0) XRD patterns (shown on log scale intensity) of single crystals from Batches A and B, respectively. Whereas the (h,0,0) pattern for Batch-A crystals is void of any extra peaks, Batch-B crystals show few extra peaks at a level of less than 1% in intensity compared to the main (h,0,0) peaks. The impurity phase with these extra peaks is consistent with the crystal structure of Sr 2 Mn 3 Sb 2 O 2 [23, 24] . As we discuss below, SrMnSb 2 crystals have a strong tendency to react with air and deteriorate at the surface, which could be the source of the oxide formation. From the XRD patterns shown in Fig. 1(b) , we extract the lattice parameter a = 23.051(5)Å for both types of growths.
To further characterize the phase purity we crushed a few crystals from Batches A and B in an inert glovebox and loaded the powder in an air-tight sample holder covered by Kapton tape and conducted X-ray powder diffraction on the same Bruker D8 diffractometer. Figure 1(c) shows XRD of Batch A sample (after subtracting the empty Kapton holder signal) along with Rietveld refinements using FULLPROF software [25] of the P nma space group. The refinement yields the following lattice constants a = 23.05(5), b = 4.3816(6), c = 4.4254(6)Å. These results are in good agreement with previous reports [20, 26] .
Magnetization measurements were performed using a Physical Property Measurement System (PPMS, Quantum Design) equipped with a vibrating sample magnetometer (VSM). For temperature dependent magnetization measurements, the samples were cooled down to the desired temperature either with or without application of a magnetic field, termed as ZFC and FC, respectively. The temperature dependent magnetization data were then collected upon warming at 2 K/min under a fixed field. The magnetic field H was applied either parallel (H⊥a axis) or perpendicular to the plate (H||a axis). For the high-temperature (T > 300 K) magnetization measurements, crystals were glued to a heater stick using Zircar Cement. After the cement dried, copper foil was wrapped around the sample to provide a good isothermal region. We note that for the measurements from 2 to 340 K, the sample is placed in a quartz holder and kept at p ≈ 10 Torr, and for the temperature range 300 < T < 650 K, the sample was glued to a heater stick and kept under vacuum (10 −5 Torr). The magnetization data were collected upon warming under a field to 650 K. After reaching 650 K the sample was cooled down to 300 K under field. The longitudinal resistivity ρ xx was measured in a PPMS using a conventional four-probe method with an applied current in the bc plane (i.e., in the basal layer). Hall (transverse) resistivity ρ xy was measured as a function of magnetic field at a fixed temperature. Four probe contacts were made by soldering thin gold wires to the single crystals. The Hall coefficient is extracted from the slope of the linear field dependence of Hall resistivity by sweeping the magnetic field. A driven current of 5 mA at 19 Hz was used in the Hall effect measurements.
Single-crystal neutron diffraction experiments were carried out on the HB-1A triple axis spectrometer located at the High Flux Isotope Reactor at Oak Ridge National Laboratory. The HB-1A spectrometer operates with a fixed incident energy of E i = 14.64 meV using a double pyrolytic graphite (PG) monochromator system. PG filters were placed before and after the second monochromator to reduce higher order contamination in the incident beam achieving a ratio I λ 2 : I λ :≈ 10 −4 . The SrMnSb 2 crystal was mounted with the (0,k,l) and (h,k,0) planes in the scattering plane.
Powder neutron diffraction experiments on crushed SrMnSb 2 crystals were conducted on the PSD diffractometer at the University of Missouri Research Reactor (λ = 1.485 A) at the following temperature sequence: 300, 400, 500, and 600 K, and back to 300 K. Approximately 1.5 g of powder was loaded in a helium atmosphere and mounted in a closed-cycle furnace-refrigerator on the PSD diffractometer. Rietveld refinements of the neutron and X-ray diffraction data were carried out using the FULLPROF software suite [25] .
X-ray absorption (XAS) and X-ray magnetic circular dichroism (XMCD) spectra at the Mn L 3 and L 2 absorption edges were recorded for a thin (≈ 100 µm) single-crystal sample of SrMnSb 2 using end station 4-ID-C beam line at the Advanced Photon Source, Argonne National Laboratory. The samples were stored under inert gas in order to minimize oxidation prior to being mounted on carbon tape and inserted into the bore of a horizontal superconducting magnet with an incorporated helium-flow cryostat. The single-crystal sample was cleaved immediately prior to mounting, and was first aligned with its a axis along the horizontal X-ray beam. It was then rotated by 45
• around its vertical axis in order to achieve a nonzero value of magnetic field H within the bc plane. XAS and XMCD signals were recorded for the single-crystal and powder samples as a function of H up to H = 5.5 T at a temperature of T = 230 K. Total electron yield (TEY) and total fluorescence yield (TFY) data were recorded [27] . Data taken for the powder sample of SrMnSb 2 yielded results similar to those for the single-crystal sample.
The composition of the crystals was determined by using an Oxford Instruments energy-dispersive X-ray spectroscopy (EDS) system on a Thermo Scientific Teneo scanning electron microscopy (SEM). Transmission electron microscopy (TEM) samples were prepared using a Thermo Scientific Helios NanoLab G3 UC with EasyLift micromanipulator and MultiChem Gas Injection System. A Thermo Scientific Titan Themis 300 probe aberration-corrected scanning transmission electron microscope (AC-STEM), operated under an accelerating voltage of 200 kV and equipped with a Bruker TM Super-X energy-dispersive X-ray spectroscopy (EDS) detector, was employed for TEM observation. The high-angle annular dark-field (HAADF) images were collected in a range of 99-200 mrad; and the annular bright-field (ABF) images were collected in a range of 10-22 mrad. The element mapping was performed to reveal the distribution of all involved elements in the field of view by using EDS built in AC-STEM. To preserve the surface oxidation layer, a 200 nm thick carbon-protective layer was deposited using e-beam, followed by the deposition of a 3 µm thick carbon-protective layer using ion beam. EDS measurements on both types of crystals show a uniform composition: Sr at 0.91 ± 0.02 Mn at 0.95 ± 0.02 and Sb at 2. These results are close to those reported in Ref. [20] .
III. RESULTS AND DISCUSSION

A. Magnetic Susceptibility and de Haas-van Alphen effect
Figures 2 and 3 show susceptibility and magnetization data for SrMnSb 2 crystals from Batches A and B, respectively. Panel (a) of both figures shows that the magnetic susceptibilities χ(T ) = M H for H⊥a and H||a decrease with decreasing temperature below a kink that indicates the AFM transition at T N ≈ 295 K in both samples, with anisotropy below T N indicating that ordered moments lie along a. The two samples display similar temperature dependence and anisotropy, but differ in the magnitude of χ(T ) in the two field orientations, generally indicative of a small FM contribution that in our case is more apparent in the Batch B sample.
Two features in the susceptibility indicate that both samples maintain strong 2D correlations above the 3D AFM ordering at T N . First, there is only a subtle susceptibility signature at T N in the form of a small change in slope. Second, the susceptibility above T N does not display Curie-Weiss behaviour, namely, χ(T ) ∝ 1/T above the transition, but rather increases linearly with temperature above T N [χ(T ) ∝ T ]. This feature is typically associated with 2D behavior, where there is a broad peak in the susceptibility above T N . In fact, the extended susceptibility measurements above T N to about 600 K The nearly linear behavior of the magnetization with H⊥a of Batch A crystals is characteristic of a AFM system with moments aligned normal to the applied magnetic field, consistent with the Type C crystal data in Ref. [20] . By contrast, the M versus H curve for the Batch B crystals seems to be a superposition of a linear curve (just like the one of Batch A crystals) and a smooth step-like function characteristic of a saturated hysteresis curve of a ferromagnet. It should be noted that the AFM transition in Type A crystals in Ref. [20] was discerned only by neutron diffraction measurements. And more importantly, that the saturated moment at 300 K and at 5 K are practically the same indicating a FM component that develops at higher temperatures than T N . This clearly suggests the FM in that crystal cannot arise from canted moments in the C-type AFM phase, but could arise from a FM impurity phase that orders well above T N . Below T N , magnetization of Batch A is consistent with ordered AFM and axial anisotropy. At higher fields, dHvA oscillations originating from 2D charge carriers are evident for H||a as discussed below. The magnetization of Batch B, including anisotropy and dHvA are nearly identical to batch A. However, a saturated FM component is clearly visible in Batch B.
In Fig. 4 we provide detailed analysis of the dHvA oscillations of Batch A crystals. The M (H) exhibits strong oscillations that are temperature dependent as shown in Fig. 4(a) . To obtain the Fourier transform (FT) spectra from the oscillating M (H), we first subtract from the data in (a) an analytical function f (H) = c 1 erf(c 2 H) + c 3 H + c 4 with adjustable pa- ) FT Amplitude (a.u.) rameters c i to obtain the oscillatory portion as shown in Fig.  4(b) . We then create a plot of the same data as a function of 1/H in Fig. 4(c) . The FT spectra shown in Fig. 4 (d) display a prominent peak (α) at 73.1 T which is slightly higher than the main peak in FT spectra (66.7 T) for Type C crystals in Ref. [20] . There exist a shoulder (γ) at 62.1 T beside the main peak and the third peak (β) at 134.0 T in the FT spectra. These two peaks were also reported in Ref. [20] , but at different location. The main FT amplitude is temperature dependent and seems to vanish at ∼ 30 K. The FT peaks in Fig. 4(d) are modeled as a sum of Lorntzian-shaped peaks which are labeled by α, β and γ. Figures 4 (e) and (f) show the temperature dependence of the peak intensities and positions as a function of temperature. The temperature dependence of the main peak at H F T = 73.1 T can be modeled with the Lifshitz-Kosevich equation to obtain the charge carrier's effective mass (m * ) as given in Ref. [28] 
where C is a scale factor, K = 2π window which the Fourier analysis is performed, such that
T with H start = 6 and H end = 9 T. This is the same method used in Ref. [20] . The fit to the data in Fig. 4 (e) yields an effective mass of m * = 0.06(1), which is consistent with the results in Ref. [20] . Figure 5 (a) shows a comparison of dHvA oscillations of Batches A and B crystals at 2 K. The fact that the fundamental frequency for both samples is the same is of paramount importance regarding the stoichiometry of the two samples. We emphasize that in the event of non-stoichiometric chemical formula for any of the two types of crystals (for instance deficiency of Sr or Mn) should result in doping with electrons or holes. Any resulting changes in the chemical potential are expected to significantly modify the Fermi surface (FS) and subsequently the FT frequency. Thus, the fact that both Batch A and B crystals show the same FT spectra is indirect evidence that they both have the same FS.
Clues to the origin of the FM signal observed in Batch B samples can be obtained from high temperature measurements of the magnetic susceptibility. Batch A crystals measured in the temperature (T ) range of 300 to 650 K for H⊥a axis. The susceptibility data over T = 2 to 340 K are the same as those shown in Fig. 2(a) . They exhibit weak temperature dependence as expected for an AFM with ordered moments oriented perpendicular to the applied magnetic field. Above T N the susceptibility increases slightly with temperature up to about 420 K, where a broad peak is about to form. Thus, 2D AFM correlations develop at temperatures that are much higher than the 3D Néel temperature T N , and consequently, χ(T ) shows a very broad peak at temperatures that are much higher than T N at the onset of emerging 2D magnetic correlations [29] . This kind of behavior is typical of AFM systems with in-plane exchange coupling among nearest neighbors (NN; J 2D ) that is much stronger than the inter-plane coupling J a , as has been observed in similar layered systems [30, 31] . This behavior, is common to various compounds that posses MnSb layers such as AMnSb 2 and RMnP nO (R = La, Ce, Pr ...; P n = P, As, Sb compounds) that all settle into a Gor C-type AFM ground state [32] [33] [34] [35] [36] [37] [38] . However, at T ∼ 570 K a peak emerges that disappears above T ∼ 600 K. Upon cooling the same sample, the susceptibility displays a characteristic FM transition with a T C 580 K. This irreversible 
As is evident, the crystal is to a large extent not twinned.
behavior is reminiscent of the behavior of Batch B samples and clear evidence that single crystals are highly reactive and that a FM impurity is being formed. Figure 6 (b) shows magnetization versus H that for the same crystal before and after heating it to 650 K. We model the magnetization as follows: M (H) = Aerf(σH) + BH + C, where erf(σH) is the Error function, which we associate with the FM contribution. As one can see in Fig. 6(b) , the FM contribution, i.e., the Aerf(σH) component, indeed increases after heating the crystal. We note that since this is a degradation process of the crystals, it is reasonable to expect variations of FM component as observed for different crystals. In fact, visual inspection of the unloaded crystal shows grayish powder on the surface that before these measurements had shiny black surfaces. To obtain more insight on the nature of this surface transformation, we performed powder neutron diffraction of crushed crystals into powder at elevated temperatures, discussed below. Figure 7 shows the intensities of the (0,1,0) and (0,0,1) AFM Bragg peaks at 80 and 460 K for a Batch A SrMnSb 2 crystal. The distinct (un-split) planar orthorhombic peaks indicate a single crystal with almost no detectable orthorhombic twinning. These and other measured magnetic peaks are consistent with the previously reported C-type AFM structure [20] . The intensity versus temperature of the (010) crushed single crystals to high temperatures to identify minority phases that may be associated with the FM component found in χ(T ). Figure 8 (a) shows neutron diffraction patterns at 300 K of the as-prepared sample, along with a structural refinement that indicates the sample is free of minority phases. However, after heating the sample to 600 K under vacuum (10 −6 Torr) and cooling it back to 300 K, the refinement of the pattern in Fig. 8(b) indicates the formation of SrO and smaller amounts of Sb metal. According to our high temperature susceptibility measurements (see Fig. 6 ), the oxidation of the surface is most pronounced above 500 K. Figure 9 shows neutron diffraction patterns taken at 500 and 600 K and the difference between them. We chose to subtract the 500 K from the 600 K data as they are close in temperature with minimal shifts of peak-positions due to thermal expansion. The difference between the two patterns indicates prominent peaks that we can readily identify as SrO. This is consistent with our diffraction analysis of the same powder after the sample temperature is lowered from 600 K back to 300 K. This shows that the surfaces of SrMnSb 2 are highly reactive to oxygen even in minute amounts, especially at temperatures higher than 500 K.
B. Neutron diffraction
Based on these observations, we propose that the FM signal is due to the presence of minute amounts of MnSb which depends on composition and on thermal annealing procedures undergoes a FM transition between 530 ≤ T ≤ 600 K [39] . Assuming the saturated FM moment shown in Fig. 6 and the reported average ordered FM moment of MnSb (∼3 µ B ) we estimate the amount of MnSb in the sample by weight as ∼ 0.2%. Such an amount (∼ 3 mg) in our neutron powder diffraction measurements is too small to be observed in the diffraction pattern. Table I lists the structural parameters obtained from the neutron diffraction measurements at the various measured temperatures. We find no evidence that a structural transition occurs from 300 to 600 K.
C. X-ray magnetic circular dichroism -XMCD
The reported canted C-type AFM order in SrMnSb 2 is associated with the Mn cations canted away from the a axis such that a ferromagnetically ordered moment of ≈ 0.2 µ B /Mn is oriented within the bc plane [20] . XMCD is a sensitive probe that can detect small amounts of FM component with element specificity. The Mn L 3 and L 2 X-ray absorption edges measured in this experiment correspond to transitions from the 2p 3 2 to 3d and 2p 1 2 to 3d electronic states, respectively. Thus, magnetization arising from the canted-AFM order of the Mn with that magnitude should be detectable by our XMCD measurements. We also note that the total-electron-yield (TEY) measurements (data not shown) only probe ∼ 5 nm into the sample, whereas total-fluorescence yield (TFY) probe ∼ 50-100 nm beneath the sample's surface [27] . This means TFY measurements are more reliable in probing the intrinsic properties of the sample compared to TEY being more surface sensitive. Figure 10 shows XAS and XMCD spectra at the Mn L 3 and L 2 absorption edges in the TFY mode of Batch A crystal at T = 230 K and H = 2 and 5.5 T. The XAS data are normalized to zero below the L 3 edge and to one above the L 2 edge, and the XMCD data are normalized to the resulting step over both edges. A very weak signal in the XMCD data at the L 3 edge at H = 2 T slightly increases at 5.5 T. Such field dependent response is more characteristic of field induced canting of an AFM system as that shown in Fig. 2(c) for H⊥a rather than a spontaneous FM component that saturates at much lower fields (see Fig. 3 ).
Applying of standard sum-rule analysis to the spectra [27] at T = 235 K and H = 5.5 T, and assuming electronic con-TABLE I. Fit parameters obtained from Rietveld refinements of the powder neutron diffraction patterns at various temperatures using the orthorhombic P nma space group. a, b, c, and V are the unit cell parameters and volume, respectively. z Sb represents the Sb z position in the crystal structure. χ 2 gives the overall value of the goodness of fit. The error (one standard deviation) is in the last digit of a quantity and is shown in parentheses. 
figuration of Mn
2+ yields m bc = m orb + m s ≤ 0.01µ B /Mn, where m orb and m s are the orbital and spin projection of the total magnetic moment in the bc plane. This value is consistent with the susceptibility measurements for Batch A crystals in this study and Type C crystals in Ref. [20] . 
D. Shubnikov-de Haas effect and Hall coefficient
WSMs can be described as 'bad metals' [40] . Figure 11 (a) shows the temperature dependence of resistivity ρ xx with residual resistivity ratio RRR ≡ R(300K)/R(2K) values of 30.9, 27.5 and 23.8, as indicated. To ascertain whether the FM component has any effect on the transport properties we examine the transport properties of the two batches of crystals under magnetic field. Figure 11 F α = 73.7(5) T and a minor one at F β = 141.7(8) T, as shown in Fig. 11(d) . These values are consistent within error with dHvA oscillations obtained in the magnetization measurements above regardless of batch or RRR value. Figure  11(c) shows that the amplitude of the FFT spectra is highest for the sample with lowest RRR value. However, the two frequencies F α and F β in Fig. 11(d) are practically the same, indicating that the size of the saturated magnetization does not modify the FS. Figure 12 shows the temperature dependence of the longitudinal resistivity ρ xx and MR effect in SrMnSb 2 crystals from Batch A under various magnetic fields and driven current configurations: (a), (b) H⊥a⊥I; (c), (d) H||a⊥I; (e), (f) H⊥a||I. This is the same sample as the one with RRR = 30.9 and measured in Fig. 11 . The most relevant feature in the MR measurements is the observation of SdH effect only in the case of H||a⊥I, as shown in Fig. 12(c) . Furthermore, the MR is most pronounced for H||a⊥I while it becomes smallest for H⊥a||I. For the configuration with H||a⊥I [ Figure 12 (c)], the MR roughly follows a linear field dependence and starts to oscillate above H = 4 T at T = 2 K. With increasing temperature to 100 K, the MR still roughly follows a linear field dependence at high field region but with a slightly downward bending, as shown in Fig. 12(d) . In both H⊥a⊥I and H⊥a||I configurations, the MR bends down (i.e. tends to saturate) with increasing fields at low temperatures. However, at T = 100 K, the MR curves can be fitted to a power law M R ∝ H n within the field range 0 ≤ H ≤ 14 T, with n = 1.41 and 1.36 for the configurations shown in Figs. 12(b) and (f).
It should be pointed out that the conductivity in a WSM is predicted to be proportional to the magnetic field or, equivalently, the resistivity is expected to decrease with increasing magnetic field, i.e., showing a negative MR effect [40] . We have measured Batch-A and -B SrMnSb 2 crystals in different configurations and did not find evidence for a negative MR effect.
To summarize this part, the FFT analysis of dHvA and SdH oscillations shows that the dominant frequency occurs at F α 73 T within error for SrMnSb 2 single crystals from both Batches despite their different FM signal and RRR values. This is a very important result, as this main Fourier frequency is sensitive to the FS topology and should be strongly dependent on doping. Batch A and B samples show different FM signals but have nearly identical FS and effective masses.
To estimate the carrier concentration in SrMnSb 2 , we measured Hall resistivity ρ xy on Batch A crystals. Figures 13(a) and (b) show the field dependence of ρ xx and ρ xy at T = 2, 5, and 10 K. One can see that ρ xy oscillates above 6 T. Most importantly, the slopes of the curves are positive and persist in this manner to a maximum temperature of 340 K. The positive slope indicates that the dominant charge carriers responsible for transport are holes, similar to reports for BaMnSb 2 [18] and SrMnSb 2 [20] . A linear fit of ρ xy yields the Hall coefficient R H through the relation ρ xy = R H H, and Figure 13(c) shows the temperature dependence of R H . R H only slightly increases as the temperature is lowered to 50 K, below which it increases more abruptly. We find R H ≈ 2.0 × 10 −7 m 3 /C at T = 300 K. For comparison, at T = 300 K, R H = 1.1 × 10 −10 m 3 /C for optimally doped (Ba 1−x K x )Fe 2 As 2 (x = 0.39) superconductors [41] and R H = 2.1 × 10 −8 m 3 /C for polycrystalline Sb film with a thickness of 120 nm [42] .
Within a single band model, the carrier density can be calculated with the relation R H = 1/pe, where p corresponds to hole concentration and e is the elementary charge 1.6 × 10
−19
C. Therefore, p = 3.1 × 10 20 cm −3 at T = 300 K for SrMnSb 2 . For BaMnSb 2 , p = 1.53 × 10 19 cm −3 at T = 100 K [18] . Taking the resistivity ρ xx = 8.1 × 10 −4 Ωcm, one can calculate to the Hall mobility µ H ≈ R H /ρ xx as 2.5 × 10 2 cm 2 V −1 s −1 at T = 300 K. Thus in a single band model, our determination of R H simply reflects the low charge carrier density expected for a semimetal.
E. Transmission electron microscopy (TEM)
To address the possibility of impurity phases or the presence of ordered vacancies, we performed atomic resolution TEM measurements. Figure 14(a) shows a bright-field image of Batch A crystal along the [0,1,1] zone axis, with the corresponding selected area electron diffraction (SAED) pattern shown in Fig. 14(b) . Sharp lines perpendicular to the a axis are clearly observed in the bright-field image, indicating the existence of stacking faults in the layered crystal structure. Figure 14 (c) shows a high resolution HAADF-STEM image, in which the layered structure is clearly identified. The FFT pattern in Fig. 14(d) shows vertical streaks, again revealing stacking faults in the bc plane. Figures 14(e)-(i) show profiles of the intensity of atomic columns, extracted from lines 1-5 as marked in Fig. 14(c) . persion [See the crystal structure diagram in the inset of Fig.  1(c) and Fig. 15(g) .] Our TEM analysis shows random fluctuations in the intensity of the atomic columns, which suggests no chemical variation or elemental vacancies for the [0,1,1] viewing direction. Similarly, we checked the Mn layers in an ABF-STEM image shown in Fig. 14(j) , which has higher sensitivity for light elements compared to HAADF (note that the atomic columns render dark contrast in ABF). The intensity profiles for lines 1-3 are displayed in Fig. 14(k)-(m) . We conclude that there is no evidence of Mn deficiency in this sample , which are forbidden for the P nma space group. These spots also appear in the FFT pattern shown in Fig. 15(d) , thus excluding the possibility of multiple scattering diffraction and suggesting the presence of certain symmetry-breaking features along c. To unravel the origin of these superlattice spots, we examined the atomic layers in a high resolution HAADF-STEM image shown in Fig. 15(c). Figures 15(h)-(k) show the intensity profiles of Sb columns extracted from lines 1-4 in Fig. 15(c) . It can be clearly seen that the intensity of Sb columns shows an alternating strong-weak modulation in Figs. 15(h), (j) , and (k), suggesting the existence of ordered Sb vacancies in Sb layers at site 1. Therefore these ordered Sb vacancies are likely responsible for the superlattice spots, e.g., (0,0,1), (0,0,3), etc. Note that these ordered vacancies do not appear in all the Sb layers, as those along line 2 ( Fig.  15(i) ) seem to be non-defective. It is worth mentioning that we also checked Sr and Mn layers (results not shown), and any variations in the intensity of the atomic columns were not evident.
For comparison, we discuss these results in relation to similar studies of the BaZnBi 2 compound [43] . BaZnBi 2 has a space group I4/mmm, and c axis is perpendicular to the Zn layers. In this symmetry, (0,0,2l + 1) peaks are not allowed; however, they appear in the XRD pattern. Zhao et al. employed atomic resolution scanning transmission electron microscopy (STEM) to directly probe the modulated structure of BaZnBi 2 in real space [43] and found that the ordering of Zn vacancies appears in every second Zn layer in [1,1,0] cross section. The Zn vacancy ordering has a local character and is not uniform in BaZnBi 2 . This local Zn vacancy ordering causes large differences in the physical properties between BaZnBi 2 and SrZnBi 2 . In our case, we observe coexistence of normal and Sb-vacancy ordered regions in [0,1,0] cross section.
The high resolution image in Fig. 15 (c) also reveals the atomic structure of the stacking faults. Two different atomic arrangements are noticed in this image, as indicated by the yellow and red boxes. Magnified images from a yellow box and a red box are present in Figs. 15(e)-(f), respectively, with Sr, Mn, and Sb atoms overlaid on each site. The atomic structure model of the pristine SrMnSb 2 crystal projected along [0,1,0] direction is shown in Fig. 15(g) , where the black box indicates the unit cell. Note that the distance between the two Sb atoms in the middle of the unit cell is narrower than that of the two Sb atoms at the bottom (as indicated by the short and long double arrows), and this sequence repeats along a axis. The atomic arrangement shown in Fig. 15 (f) matches exactly this sequence of narrow-wide-narrow Sb pairs. However, there is a shift of the Sb layer as shown in Fig. 15(e) . As a result, we see narrow-narrow or wide-wide modulation of Sb pairs along a axis (stacking faults).
Stacking faults have also been observed in TaAs single crystals [44] for which electronic structure calculations reveal that the position of the Weyl points relative to the Fermi level shift with the introduction of vacancies and/or stacking faults. In the case of vacancies, the FS becomes considerably altered, while the effect of stacking faults on the electronic structure is to allow the Weyl pockets to remain close to the FS. The observation of quantum oscillations in the defective crystals such as TaAs, BaZnBi 2 , and SrMnSb 2 suggests the robustness of the quantum phenomena in these materials to stacking faults [43, 44] . Figure 16 displays the TEM results on the Batch B crystal that was viewed along [0,1,0] zone axis. Sharp lines were observed in the bright-field image shown in Fig. 16(a) , suggesting the existence of stacking faults. It should be emphasized that no inclusions or impurities are observed. SAED pattern shown in Fig. 16(b) presents the (0,0,1) diffraction spot, which is a forbidden spot in the space group P nma (62). A high-resolution HAADF-STEM image is shown in Fig. 16(c) , in which the defective (stacking faults) region was marked by the yellow dashed box. Figures 16(d)-(g) show the intensity profile along the lines indicated in Fig. 16(c) . The presence of forbidden spot (0,0,1) and strong-weak modulation in the intensity evidence the existence of the ordered Sb vacancies. The stacking faults are caused by a shift of Sb layers, as observed in the Batch A crystal (See Fig. 15) . Therefore, Batch A and B crystals possess the same microstructural features. Figure 17 (a) shows a low-magnification cross-sectional HAADF-STEM image of SrMnSb 2 single crystal along [0,1,0] zone axis. This crystal has been used in our hightemperature susceptibility measurement (see Fig. 6 ). It is found that the surface changes from a metallic luster to a dark black color after the measurement. TEM measurements reveal that the surface of the single crystal is oxidized, as indicated by the red frame in Fig. 17(a) . The thickness of this oxidized layer is around 100 nm in a close view shown in Fig. 17(b) . Figures 17(c)-(f) show the element mappings of Sr, Mn, Sb, and O for the oxidized surface layer. Interestingly, beneath the oxidized layer, the stacking faults and ordered Sb vacancies are clearly observed, as shown in Figs. 17(g)-(h) . More stacking faults are observed in the region close to the oxidized layer, compared to the region away from the surface. The EDS mappings confirm that the surface of the single crystal is oxidized. It should be emphasized that there are not any inclusions observed in the cross section. Thus, the FM signal likely results from this oxidized surface. It should be pointed out that Figs. 17(b) -(f) reveal that Sr oxide tends to aggre-gate into the outermost layer while Mn and Sb oxides form the sandwich structure. Remember that Sr 1−y Mn 1−z Sb 2 samples with larger Sr deficiency y ∼ 0.08 and z ∼ 0.02 display stronger FM behavior in Ref. [20] . Our TEM results can help understand a wide spread of Sr and Mn deficiency in different crystals from the same growth batch. However, the element mappings cannot tell the existence of a MnSb phase in this sandwich structure. We assume that the surface degradation could lead to the formation of MnSb impurity phase or related compounds because MnSb is a strong ferromagnet with T C that varies with stoichiometry between 363 and 587 K [45, 46] . We have performed XRD measurement on singlecrystal crushed powder after exposing the powder in the air. Unfortunately, as being exposed to the air, the powder immediately became red and released heat. It turned black after it was completely cooled down to room temperature. Neither a SrMnSb 2 nor MnSb phase survived in such a strong reaction.
IV. CONCLUSIONS
We have grown SrMnSb 2 single crystals by the self flux method at different growth conditions. Susceptibility measurements show that two batches of crystals undergo AFM transition at the T N = 295(3) K. However one of the conditions yields crystals with a larger saturated magnetization that does not show anisotropy, which suggests it come from a secondary phase. The susceptibility measurement above T N is characteristic of 2D magnetic systems where the susceptibility increases as 2D correlations develop above the 3D AFM transition. Neutron diffraction of a single crystal of SrMnSb 2 confirms C-type AFM order below T N = 295(2) K. XMCD measurements of a single crystal at the L 2,3 edge of Mn show a signal that is likely due to the induced canting of AFM moments under a magnetic field, namely increased XMCD signal with increased field, and puts a low limit on the canting of less than 0.01 µ B /Mn.
Magnetization and transport measurements show dHvA and SdH oscillations. The main components of these oscillations (in dHvA and SdH effects) versus inverse applied magnetic field all converge to the same FFT frequency that within error are the same for single crystals from both growth conditions. Hall effect measurements confirm that SrMnSb 2 is a hole dominated semimetal. Our TEM study reveals the existence of stacking faults, in both growth batches, caused by a shift of Sb atom layers and ordered Sb vacancies.
More importantly, the susceptibility at high temperatures exhibits a sharp increase that vanishes at about 600 K. Subsequent cooling from 600 K to 300 K of the same crystal shows a clear FM transition at ∼ 580 K that indicates a chemical transformation occurs above 500 K. This transformation likely produces a minute amount of FM impurity phase in the crystal. Neutron powder diffraction on crushed crystals at high temperatures confirm the chemical transformation observed in the susceptibility, showing formation of SrO by heating the sample under moderate vacuum above 500 K, which may create MnSb impurities. TEM measurements reveal that SrMnSb 2 single crystals are slightly oxidized when preparing any measurements in air, which may display a FM transition at high-temperature in susceptibility measurements. The surface degradation could be accelerated by slightly heating, causing an enhanced FM component, which may be misunderstood as an intrinsic phenomenon.
